Pattern Formation in Diffusion Flames Embedded in von Karman Swirling Flows by Nayagam, Vedha
Vedha Nayagam
National Center for Space Exploration Research, Cleveland, Ohio
Pattern Formation in Diffusion Flames
Embedded in von Kármán Swirling Flows
NASA/CR—2006-214057
April 2006
https://ntrs.nasa.gov/search.jsp?R=20060012151 2019-08-29T21:36:23+00:00Z
The NASA STI Program Office . . . in Profile
Since its founding, NASA has been dedicated to
the advancement of aeronautics and space
science. The NASA Scientific and Technical
Information (STI) Program Office plays a key part
in helping NASA maintain this important role.
The NASA STI Program Office is operated by
Langley Research Center, the Lead Center for
NASA’s scientific and technical information. The
NASA STI Program Office provides access to the
NASA STI Database, the largest collection of
aeronautical and space science STI in the world.
The Program Office is also NASA’s institutional
mechanism for disseminating the results of its
research and development activities. These results
are published by NASA in the NASA STI Report
Series, which includes the following report types:
• TECHNICAL PUBLICATION. Reports of
completed research or a major significant
phase of research that present the results of
NASA programs and include extensive data
or theoretical analysis. Includes compilations
of significant scientific and technical data and
information deemed to be of continuing
reference value. NASA’s counterpart of peer-
reviewed formal professional papers but
has less stringent limitations on manuscript
length and extent of graphic presentations.
• TECHNICAL MEMORANDUM. Scientific
and technical findings that are preliminary or
of specialized interest, e.g., quick release
reports, working papers, and bibliographies
that contain minimal annotation. Does not
contain extensive analysis.
• CONTRACTOR REPORT. Scientific and
technical findings by NASA-sponsored
contractors and grantees.
• CONFERENCE PUBLICATION. Collected
papers from scientific and technical
conferences, symposia, seminars, or other
meetings sponsored or cosponsored by
NASA.
• SPECIAL PUBLICATION. Scientific,
technical, or historical information from
NASA programs, projects, and missions,
often concerned with subjects having
substantial public interest.
• TECHNICAL TRANSLATION. English-
language translations of foreign scientific
and technical material pertinent to NASA’s
mission.
Specialized services that complement the STI
Program Office’s diverse offerings include
creating custom thesauri, building customized
databases, organizing and publishing research
results . . . even providing videos.
For more information about the NASA STI
Program Office, see the following:
• Access the NASA STI Program Home Page
at http://www.sti.nasa.gov
• E-mail your question via the Internet to
help@sti.nasa.gov
• Fax your question to the NASA Access
Help Desk at 301–621–0134
• Telephone the NASA Access Help Desk at
301–621–0390
• Write to:
           NASA Access Help Desk
           NASA Center for AeroSpace Information
           7121 Standard Drive
           Hanover, MD 21076
Vedha Nayagam
National Center for Space Exploration Research, Cleveland, Ohio
Pattern Formation in Diffusion Flames
Embedded in von Kármán Swirling Flows
NASA/CR—2006-214057
April 2006
National Aeronautics and
Space Administration
Glenn Research Center
Prepared under Cooperative Agreement NCC3–975
Acknowledgments
The author is grateful to Forman A. Williams for many helpful discussions.
S. Hostler, N. Kaib, and A. Schonsheck helped with the experiments.
Available from
NASA Center for Aerospace Information
7121 Standard Drive
Hanover, MD 21076
National Technical Information Service
5285 Port Royal Road
Springfield, VA 22100
Available electronically at http://gltrs.grc.nasa.gov
Pattern Formation in Diﬀusion Flames Embedded in
von Ka´rma´n Swirling Flows∗
1 Introduction
Pattern formation is observed in nature in many so-called excitable systems that
can support wave propagation [1]. It is well-known in the ﬁled of combustion that
premixed ﬂames can exhibit patterns through diﬀerential diﬀusion mechanism be-
tween heat and mass (see, e.g. [3], [6]). However, in the case of diﬀusion ﬂames
where fuel and oxidizer are separated initially there have been only a few obser-
vations of pattern formation. It is generally perceived that since diﬀusion ﬂames
do not possess an inherent propagation speed they are static and do not form
patterns. But in diﬀusion ﬂames close to their extinction local quenching can oc-
cur and produce ﬂame edges which can propagate along stoichiometric surfaces.
Recently, we reported experimental observations of rotating spiral ﬂame edges
during near-limit combustion of a downward-facing polymethylmethacrylate disk
spinning in quiescent air [4]. These spiral ﬂames, though short-lived, exhibited
many similarities to patterns commonly found in quiescent excitable media in-
cluding compound tip meandering motion. Flame disks that grow or shrink with
time depending on the rotational speed and in-depth heat loss history of the fuel
disk have also been reported [5]. One of the limitations of studying ﬂame pat-
terns with solid fuels is that steady-state conditions cannot be achieved in air at
normal atmospheric pressure for experimentally reasonable fuel thickness.
As a means to reproduce the ﬂame patterns observed earlier with solid fuels,
but under steady-state conditions, we have designed and built a rotating, porous-
disk burner through which gaseous fuels can be injected and burned as diﬀusion
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ﬂames. The rotating porous disk generates a ﬂow of air toward the disk by a
viscous pumping action, generating what is called the von Ka´rma´n boundary
layer which is of constant thickness over the entire burner disk. In this note
we present a map of the various dynamic ﬂame patterns observed during the
combustion of methane in air as a function of fuel ﬂow rate and the burner
rotational speed.
2 Experiments
Figure 1 shows a schematic illustration of the experimental setup. Experiments
are carried out using a rotating, porous-disk burner. The burner assembly con-
sisted of a sintered, porous, bronze disk of diameter 7.8 inches and thickness 1/2
inch, mounted on a perforated water-cooled copper back-plate and a cup-shaped
plenum chamber. A guard ring of width 1 inch is attached ﬂush to the burner
surface to minimize the edge eﬀects due to sudden changes in ﬂow velocities
along the burner edge. The fuel gas and the cooling water are supplied through
concentric copper tubes located along the axis of this assembly. These supply
tubes are connected to external feed tubes through O-ring seals so that the entire
burner assembly can be rotated around its axis. A stepper motor controlled by a
lap-top computer drives the burner. During an experiment the burner is placed
horizontally with the exposed porous surface facing downward and then spun at a
desired rotational speed with the cooling water supply turned on. Fuel gas is fed
to the burner from a compressed-gas bottle through a programmable mass-ﬂow
controller at a speciﬁed ﬂow rate and ignited in air at atmospheric pressure by
a propane torch. The entire experimental setup is enclosed in a large plexiglass
box to prevent draft. All the ﬂames observed in this study were blue and clearly
visible to the naked eye. However, commercially available color CCD cameras are
not sensitive enough to capture the ﬂame emission in this wavelength. Therefore
in this study we use a, gated, intensiﬁed-array camera. The ﬂame images are
video-taped using a 45◦ mirror placed directly below the burner (see, Fig. 1) at
approximately 8 inches away to minimize ﬂow disturbances.
3 Experimental Observations
The experimental results reported here are for methane fuel burning in air at
atmospheric pressure. The rotational speed of the fuel disk Ω, was varied from 0
to 20 revolutions per second (rps), and the fuel ﬂow rate S from 0.5 to 5 standard
liters per minute (slpm). Experiments are started with a stationary burner and
then the burner rotational speed is slowly incremented in steps of 0.2 rps until
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Figure 1: Schematic illustration of the experiment
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Figure 2: A map of ﬂame patterns in S-Ω coordinates for methane burning in
air.
the ﬂame is completely blown oﬀ from the burner surface. This step is repeated
for diﬀerent fuel injection rates S. At each value of S and Ω, the experiment is
run for several minutes to stabilize the burner thermally before video images are
obtained.
Figure 2 shows a map of the observed ﬂame patterns as a function of the
fuel ﬂow rate S and the disk rotation rate Ω. When the burner is stationary,
a ﬂat, blue diﬀusion ﬂame covering the entire fuel disk is seen. However, to
establish a steady ﬂame, a fuel injection rate above a critical value is needed. As
we slowly increase Ω, the ﬂat diﬀusion ﬂame becomes unstable and develops a
relatively straight, quenched front that sweep across the burner. On occasion,
the ﬂame is extinguished completely in this mode and requires re-ignition. If
the fuel ﬂow rate is increased, this unsteady sweeping motion of the ﬂame edge
settles into a more periodic behavior of a pulsating ﬂame hole. In this mode a
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small circular quenched region originates close to the burner center and expands
outward toward the burner edge. At a certain hole radius the expansion stops and
the edge propagates into the quenched region reestablishing the ﬂame. The hole
opening process is axisymmetric whereas that of hole closure is non-axisymmetric.
For the range of parameters examined in this study the pulsation frequencies of
the ﬂame holes varied over a range of 1 to 4 Hz, the frequency increasing with Ω.
As the burner speed is further increased, the pulsating hole conﬁguration
transitions into a rotating single-armed spiral ﬂame whose characteristics are
similar to the spirals observed before with the solid fuels and described earlier
[4]. The single-spiral ﬂame rotates in the opposite direction to that of the burner,
slowing down and eventually reaching a stationary state at a critical burner speed.
The tip of the rotating spiral ﬂames track a meandering petal-like formation while
the tails execute a rigid-body-like rotation or a ratcheting motion (see, [4]).
The next mode shapes observed are the multi-armed spirals. Originating
closer to the burner edge, the spiral arms extend toward the center of the disk,
terminating at a ﬁnite radius. Spiral ﬂames with two to seven arms were observed
during the present experiments, with the number of arms increasing with Ω.
Unlike the spiral ﬂames, these ﬂames rotate in the same direction as the burner
with increasing velocities, as observed from the laboratory frame of reference.
When the number of spiral arms reaches more than seven, the ﬂame rotational
speed becomes suﬃciently high and the standard video framing rate of 30 frames
per second cannot adequately resolve the ﬂame shapes. It is also interesting to
note here that the radius of the central, quenched core region increases with Ω.
Eventually, the central core region expands almost to the edge of the burner
with the arms of the spirals completely disappearing, leaving only a ring-shaped
ﬂame. The ringed patterns are certainly inﬂuenced by burner edge eﬀects, and
we can only speculate here that a larger diameter burner may produce diﬀerent
patterns. Further increase in burner speed completely blows the ﬂame oﬀ the
burner surface. A similar scenario develops when one travels vertically down at
a suﬃciently large rotation rate, as seen in Fig. 2. We have also noticed no
hysteresis eﬀects in the pattern formation process, i.e., the patterns occur at the
same S-Ωvalues irrespective of the history of how that point was reached.
4 Discussions and Concluding Remarks
Though detailed theoretical explanations of the patterns observed here are not
currently available, some initial attempts have been made in [4] - [5], primarily
using the edge-ﬂame idea originally proposed by Buckmaster [2]. In [4], assuming
the leading edge of a ﬂame spiral propagates with a constant speed relative to the
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swirling gas ﬂow, the experimentally observed ﬂame shapes were predicted well.
A stability map showing regimes of ﬂame-hole growth and shrinkage in a plane of
the Damko¨hler number and the ﬂame-hole radius was presented in [5]. Further
attempts to understand these ﬂame patterns and their dynamics are currently
underway.
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Pattern formation is observed in nature in many so-called excitable systems that can support wave propagation. It is well-known in the
field of combustion that premixed flames can exhibit patterns through differential diffusion mechanism between heat and mass.
However, in the case of diffusion flames where fuel and oxidizer are separated initially there have been only a few observations of
pattern formation. It is generally perceived that since diffusion flames do not possess an inherent propagation speed they are static and
do not form patterns. But in diffusion flames close to their extinction local quenching can occur and produce flame edges which can
propagate along stoichiometric surfaces. Recently, we reported experimental observations of rotating spiral flame edges during near-
limit combustion of a downward-facing polymethylmethacrylate disk spinning in quiescent air. These spiral flames, though short-
lived, exhibited many similarities to patterns commonly found in quiescent excitable media including compound tip meandering
motion. Flame disks that grow or shrink with time depending on the rotational speed and in-depth heat loss history of the fuel disk
have also been reported. One of the limitations of studying flame patterns with solid fuels is that steady-state conditions cannot be
achieved in air at normal atmospheric pressure for experimentally reasonable fuel thickness. As a means to reproduce the flame
patterns observed earlier with solid fuels, but under steady-state conditions, we have designed and built a rotating, porous-disk burner
through which gaseous fuels can be injected and burned as diffusion flames. The rotating porous disk generates a flow of air toward
the disk by a viscous pumping action, generating what is called the von Kármán boundary layer which is of constant thickness over
the entire burner disk. In this note we present a map of the various dynamic flame patterns observed during the combustion of
methane in air as a function of fuel flow rate and the burner rotational speed.


